ABSTRACT: Lysine methylation is one of the important post-translational modifications (PTMs) that regulate protein functions. Up to now, proteomic identification of this PTM remains a challenge due to the lack of effective enrichment methods in mass spectrometry experiments. To address this challenge, we present here a systematic approach to predicting peptides in which lysine residues may be methylated to mediate protein− protein interactions. We used the chromodomain of the polycomb protein in Drosophila melanogaster as a model system to illustrate the success of this approach. We started with molecular dynamics simulations and free energy analyses on the histone peptides complexed with the polycomb chromodomain to understand how the binding specificity is achieved. We next conducted virtual mutagenesis to quantify each domain and peptide residue's contribution to the domain-peptide recognition, based on which scoring scheme was developed to evaluate the possibility of any lysine-containing peptides to be methylated and recognized by the chromodomain. A peptide microarray experiment on a panel of conserved histone peptides showed a satisfactory prediction accuracy of the scoring scheme. Next, we implemented a bioinformatics pipeline that integrates multiple lines of evidence including conservation, subcellular localization, and mass spectrometry data to scan the fly proteome for a systematic identification of possible methyllysine-containing peptides. These putative chromodomain-binding peptides suggest unknown functions of the important regulator protein polycomb and provide a list of candidate methylation events for follow-up investigations.
■ INTRODUCTION
Proteins can exhibit specificity in their binding to methylated lysines  the Drosophila melanogaster protein polycomb, a member of the chromodomain group of proteins that regulate chromatin structure and that are involved with genetic repression, 1 binds strongly to trimethylated Lys27 of histone protein H3 (H3K27me3) but only weakly to trimethylated H3K9. 2, 3 Post-translational methylation has also been found on proteins other than histone peptides. The expression of the transient protein p53, for instance, which is involved in tumor suppression, is regulated by lysine methylation effected by the writer protein Set9. 4 In addition, proteins that interact with histones can themselves be marked by lysine methylation, which can affect their interactions with histone peptides. 5 While very little is known about the ability of chromodomain proteins to recognize methylated lysines on nonhistone peptides, the polycomb-group protein (PcG) Pc2 has been observed to interact with lysine residues modified by attachment of a small ubiquitin-like modifier (SUMO). 6, 7 This phenomenon suggests that PcGs could have functions of interest that are currently unknown besides genetic regulation by modified histone recognition.
Mass spectrometry can detect many types of post-translation modifications (PTMs) and the proteins that manipulate them, but its use in the specific case of methylation is limited due to the lack of effective enrichment methods. In theory, binding assay experiments can determine the binding affinity of a protein to a wide variety of methylated-lysine peptides, but experimental data has been scarce. By combining a computational study with a scan of the fruit fly's proteome, we hope to shed light on both the total class of proteins that can interact with methylated lysine and the methylated-lysine peptides that can be recognized by PcG proteins, and acquire a more complete understanding of the functions of this group of proteins.
■ METHODS AND MATERIALS I. Modeling Procedure
The polycomb−H3K27me3 complex structure was obtained from the Protein Data Bank (PDB). 8 Its PDB entry code is 1PDQ. The other methylation states were formed by manually removing methyl carbons in turn from the structure data in the PDB. The module of LEAP in the AMBER 9.0 9 software package was used to prepare the models for molecular dynamics simulation. The methylated lysine residues were not recognized by the standard residue library of LEAP and were treated as nonstandard residues. The charges for all nonstandard residues were calculated by Gaussian03, 10 using the HF/6-31G* basis set, and subsequently fitted with RESP. 11 The partial charges on all nonstandard residue atoms as calculated by Gaussian03 and RESP are listed in Table S1 . The nonstandard residues were all handled by Gaussian03 individually and capped 12 by ACE and NME residues so that they could be treated as complete molecules. The FF03 force field 13 was used for all atoms in the model, except for the methylated zeta nitrogens of H3K27, for which the parameters of the GAFF force field 14 were used. Each polycomb−histone complex was placed in a rectangular, periodic box of TIP3P water molecules. 15 The dimensions of the box extended 10 Å past the solute system on all sides. When necessary, Cl − counterions were added to neutralize the system for each model.
II. Molecular Dynamics Simulation
Each system was minimized in two stages; in the first stage, the water molecules and counterions were relaxed while organic molecules were restrained by a harmonic force of 100 kcal/mol Å 2 . In the second stage, the restraints were released and the entire system was minimized. Each stage consisted of 400 steps of steepest descent followed by 1600 steps of conjugate gradient minimization. After the minimization stages, the systems were heated from 0 to 300 K over 30 ps. The temperature of 300 K and pressure of 1 atm were maintained by a Berendsen thermo-and barostat with a coupling time 16 of 0.2 ps. The SHAKE algorithm was used to restrain all bonds involving hydrogen. 17 Initial temperatures were assigned randomly according to the Maxwell−Boltzmann distribution at the start of the heating run. The systems were then equilibrated for 200 ps followed by production runs lasting 4 ns. During the equilibration and production runs, the heavy atoms in the polycomb protein were restrained by a harmonic force of 10 kcal/mol Å 2 in order to ensure complex stability. In addition, the charged residues in the PDB crystal structure were checked with PROPKA. 18−21 All of the Asp and Glu residues in the chromodomain have a pK a below 5, both near the binding interface and away. Therefore, it is extremely unlikely that these residues will exhibit a protonated state in the complex.
III. Trajectories Are Most Stable at Moderate Run Length
In order to determine the optimal interval within the trajectory for calculating binding free energies, we calculated the rootmean-square deviation (RMSD) for the complex, the H3 peptide, and the polycomb protein over the equilibration and production runs (see Figure 1a) . The coordinates of the α-carbon atoms of the residues were the data used to calculate the RMSD values. For the protein, the RMSD remained below 0.20 over the entire 4.2 ns trajectory, as expected (because of the harmonic restraints). Therefore, virtually all fluctuation in the RMSD for the complex is due to the movement of the H3 peptide which was not restrained. Since the RMSD appears to be most stable in the interval between 1.0 and 2.0 ns in the production run (1200−2200 ps in the figure), this interval was chosen for binding free energy calculation analysis. In order to show that the stability of the peptide conformation is not drastically affected by a point mutation in the polycomb protein, we also provide the RMSD of the complex for the protein mutation Y26G in Figure 1b .
IV. Determination of Optimal Dielectric Constant ε
The calculated binding free energies for the four methylation states of H3K27 complexed with polycomb are given in Table  1 . Three different internal dielectric constants (1.0, 2.0 and 4.0) were supplied in the calculations. When the simulation binding . This phenomenon may be due to the dimethylated cation being more energetically stable than the monomethylated one, and thus having less of a tendency to bind to the hydrophobic pocket of the chromodomain. While the AMBER force field parameters are designed for electrostatic conditions close to vacuum (ε = 2.0 or lower), we feel that a value of 4.0 for ε is justifiable for the polar interface of this system, and higher values of ε can be used for calculations of the binding free energy. 22 A complete listing of the interaction components of the binding free energy for all H3K27 methylation states is given in Table S2 .
V. Mutation Matrix Procedure
The mutation matrix was formed by identifying the 21 most critical binding residues in polycomb for binding to H3K27me3, according to Table 2 . Each of these residues was mutated to all of the other 19 naturally occurring amino acids. This produced 21 × 19 = 399 separate models, each a point mutation of the wild-type complex between polycomb and histone H3. In a separate operation, the sequence of the protein was preserved, and each of the H3 residues featured in the model, except for H3K27, was mutated to each of the other 19 amino acids. This produced another 8 × 19 = 152 separate models. The methodology is similar to that used in earlier research on the enzyme spermine synthase, 23 with the distinction that our operative binding free energies are relative to the wild-type, as opposed to a "population mean".
The software program SCAP 24 was used to perform the point mutations. The standard procedure of minimization, heating and equilibration (see subsection II) was performed on each of the models, followed by 2 ns of production run. Binding free energies were calculated from the second half (the 1.0−2.0 ns interval) of the production run for each model.
VI. Trajectory Analysis and Free Energy Calculation
The RMSD for each system during the equilibration and production run phases of the MD was calculated by the PTRAJ module in the AMBER package. 9 As a representative sample, the RMSD for the polycomb/H3K27me3 wild-type is shown in Figure 7 . On the basis of the stabilization of the RMSD after about 1000 ps, the interval for the binding free energy calculation was chosen for the latter half of each production run, between 1.0 and 2.0 ns. MM-GBSA 25−27 was used to calculate the binding free energies for each polycombhistone complex using the mm_pbsa module in AMBER 9.0, according to the general procedure given in refs 28 and 29. The binding free energies, ΔG bind , were calculated from 100 snapshots taken at equal intervals between the 1.0 and 2.0 ns marks of the production run trajectory. ΔG bind was calculated according to
Here, ⟨G complex ⟩, ⟨G protein ⟩, and ⟨G peptide ⟩ are the respective individual free energies of the complex, protein and peptide, and each term is calculated by summing the contributions from electrostatic potential E elec , van der Waals potential E vdw , and solvation free energy G solv . In turn, G solv is the sum of the polar contribution G polar and nonpolar contribution G nonpolar to the solvation free energy:
G polar was calculated by setting the value of IGB to 2, activating the generalized Born parameters of Onufriev et al. 30 G nonpolar was estimated to be 0.0072 times the solvent-accessible surface area (SASA), as measured by the LCPO method. 31 In the calculation of the SASA, the probe radius 32 was set to 1.4 Å. Three different values (1.0, 2.0, and 4.0) were used for the interior dielectric constant ε in separate free energy calculations, while the external dielectric constant was given throughout as 80.0.
To investigate the molecular basis of recognition specificity, we conducted component decomposition of the binding free energy. The contributions to the binding free energy were also broken down for individual residues, and by component (van der Waals, electrostatic, and solvation) for each of the complexes. Decompositions were performed by invoking the DECOMP module in the MM-GBSA program within AMBER. Each H3 or polycomb residue was evaluated according to its overall contribution to the binding interaction.
VII. Proteomics and Mass Spectrometry Analysis
The D. melanogaster proteome data were downloaded from Uniprot/Swissprot (2009−06−16). 43, 44 In total, there are 3047 protein sequences, from which we extracted all 9 amino acid long peptides containing a lysine at the eighth position from the N-terminus, in order to obtain direct comparison with H3 as it appears in the PDB crystal structure.
For each candidate peptide, a mutation score was calculated as where i is the amino acid position on the peptide (position 8 of the lysine was omitted), M is the mutation matrix generated from virtual mutagenesis analysis, A i is the ith amino acid on the candidate peptide. The conservation score considered the conservation of both the entire peptide and the methyllysine site. We downloaded all the protein sequences in 12 fly proteomes (Table 3 ) from f lybase. 33 For each D. melanogaster protein that contains a candidate peptide, its homologous proteins in the other 11 fly proteomes were found using NCBI BLAST. 34 Multiple sequence alignment was then generated for the 12 homologous proteins using CLUSTALW2, 35 and the overall conservation score was calculated as
where m is the index of the 11 Drosophila proteomes, i is the amino acid position in the candidate peptide, BLOSUM is the BLOSUM62 mutation matrix, 36 A i is the ith amino acid in the candidate peptide, and A i m is the ith amino acid in the homologue of the mth Drosophila proteome. The conservation score for the methyllysine site was defined as the number of lysine occurring at position 8 in the multiple sequence alignment. An arbitrary conservation score cutoff of 500 was used in the filtering process. Table S3 lists the investigated peptides in the fruit fly proteome and their conservation scores along with their mutation matrix scores.
We collected 817 332 D. melanogaster mass spectra from the PRIDE database. 37 All the D. melanogaster proteins in Uniprot/ Swissprot were used as the reference database when scanning possible methyllysines by any of the three methods, X! TANDEM, 38 OMSSA, 39 and INSPECT. 40 For the scanning parameter, the parent mass error was set to 1 Da, fragment mass error was set to 0.2 Da, and modifications under consideration included mono-, di-, and trimethylation. If a lysine was identified as methylated by any of the three programs, we considered the peptide as potentially methylated Hydrophobic residues are shown in brown; acidic residues, in orange; basic residues, in turquoise, and polar residues, in violet. The backbone of the remainder of polycomb is shown by a green ribbon, and H3 by a licorice model. H3R26 is shown in red; H3K27me3, in orange; H3S28, in yellow; H3A24 and H3A25, in magenta; and H3L20 through H3K23, in light blue. (c) Orthographic view of the polycomb/H3K27me3 complex. The polycomb protein is shown by molecular surface rendering, and all residues are green except for Tyr26, Trp47, and Trp50, which are lime green, sea green, and olive green, respectively. H3 is shown by licorice model; H3R26 is orange while H3K27me3 is yellow, and the rest of H3 is gray. Images generated by VMD. 72 to keep it in the analysis. In total, we found 10 838 possible methyllysines in the D. melanogaster proteome.
VIII. Peptide Microarray Measurement and Analysis
The chromodomain (a.a. 1−90) of polycomb protein was expressed as GST-tagged fusion protein and purified as described in ref 41 . The purity of the protein was examined by SDS-PAGE electrophoresis followed by both Coomassie staining and Western blot using an Anti-GST-HRP conjugate (Santa Cruz Biotechnology). The concentration of purified protein was determined by BCA assay (Amresco). A total of 46 trimethylated histone peptides were synthesized by Sigma Aldrich (desalted, mass spectrometry checked). The peptides were then printed as triplets onto glass slides (ArrayIt), together with a Cy3 marker and an anti-GST (mouse monoclonal) antibody (Thermo) as references. The peptide microarray was rinsed with TBST buffer (25 mM Tris, 125 mM NaCl, 0.05% Tween-20, pH 8) followed by blocking with 5% nonfat milk in TBST (room temperature 1 h or 4°C overnight). The slide was then incubated at 4°C with polycomb-GST fusion protein at a final concentration of 5 mM in 5% nonfat milk/TBST for 6 h. After being washed three times for 10 min each with TBST, the slide was incubated with an anti-GST mouse monoclonal IgG antibody (Thermo) at a final concentration of 1 μg/mL in 5% nonfat milk/TBST and shaken gently for 1 h at room temperature. A secondary antimouse IgG Dylight-488 conjugated antibody (Thermo) was added to a final concentration of 0.1 μg/mL after three more cycles of 10 min washing with TBST. The slide was shaken for 1 h at room temperature and washed three times with TBST.
The dried microarray slides were scanned using a Hamamatsu NanoZoomer 2.0HT slide scanning system (Neuroscience Light Microscopy Facility, UCSD). Data quantification were processed using the microarray processing software ImageJ, 42 where the fluorescent intensity of a microarray spot was defined as its own intensity minus the background intensity around it on the scanned image.
■ RESULTS

I. Overall Procedure
Molecular dynamics (MD) simulations were performed on D. melanogaster polycomb protein complexed with a peptide from the histone protein H3. First, the binding affinities of wild-type polycomb to unmodified H3 and H3K27me1, H3K27me2, and H3K27me3 were determined by simulations and free-energy calculation. The models were derived from crystal structures; the structures of the polycomb−H3 complexes are shown in Figure 2 . The contributions of each individual residue in both polycomb and H3 to the binding interaction were derived by energy decomposition analysis (see Materials and Methods), leading to the discovery of the most critical polycomb residues. Next, mutation matrices were formed both for polycomb and for H3 to estimate the effect of point mutation in each residue critical for binding. Subsequently, peptide microarray binding data were used to verify our prediction of binding to polycomb on fly histone peptides, which demonstrated the satisfactory prediction ability for the H3 mutation matrix. Finally, a scan of the fruit fly proteome was conducted to find additional peptides with methylated lysine and estimate their binding affinity relative to the wild-type H3 peptide by using the mutation matrix. A further refinement was conducted through a combined analysis of data from conservation, subcellular location, and mass spectrometry evidence. The final list of possible polycomb binders provided insight into the quantity and character of proteins that can interact with polycomb.
II. Simulation Results
A. Residues in Polycomb Protein Critical for Binding to H3. To shed light on how the methylated peptides are recognized by the polycomb chromodomain, we first identified the critical residues for binding. Having determined that ε = 4.0 is the optimal dielectric constant for deriving accurate binding energies with this model (see Materials and Methods, subsection IV), we performed residue decomposition 28 on the polycomb/H3K27me3 complex for this value. The results of this calculation are given in Table 2 . The two most important residues in polycomb for the binding interaction are Tyr26 (−4.82 kcal/mol) and Trp47 (−5.08 kcal/mol), which are two of the three bulky hydrophobic residues that form a B. Polycomb Protein Mutation Matrix. The mutation matrix for the polycomb protein in complex with H3K27me3 is given in Figure 3 . The following observations can be made about trends in the mutation matrix. First, mutations of the eight or nine residues in polycomb (Tyr26, Trp47, Val25, Asn62, Leu64, Asp65, Leu24, Trp50, and possibly Arg67) that are most important to the binding interaction generally weaken the binding affinity, especially in the case of Trp47. Second, mutations in the lower half of the matrix (residues less critical for binding) tend to make the interaction with H3K27me3 more favorable, with the exception of Glu58. Third, mutations to positively charged amino acids (lysine and arginine) as well as to glycine, proline, and to a lesser extent, alanine, tend to make the binding interaction more unfavorable. Finally, mutations to negatively charged residues (aspartic and glutamic acid) tend to make the binding interaction more favorable.
C. Histone H3 Peptide Mutation Matrix. Three aspects of this problem are particularly worthy of investigation; first, to find polypeptides other than histones that contain methylated lysine; second, to understand the mechanisms by which a chromodomain protein recognizes a peptide containing a methylated lysine residue, and finally, to obtain as much functional information as possible about the polypeptides that bind to chromodomain protein. Therefore, in another set of simulations, point mutations were performed on residues of the H3 peptide in turn (positions 20 to 28, except for H3K27me3 which was kept conserved), while the polycomb protein was held to the wild-type. The graphical mutation matrix is given in Figure 4 (see Table S4 for the numerical mutation matrix). In general, mutations of peptide residues tend to have a more favorable effect on the binding interaction than mutations of polycomb residues, especially those which are foremost in importance for binding to H3. Several trends are evident from the mutation matrix data: first, mutations of H3R26 tend to have a weakening effect on the binding affinity; second, mutations of H3A25 tend to make the binding interaction more favorable; third, mutations of H3 residues to Gly, Asp, Asn, and Pro make the binding energy more unfavorable, especially in the near vicinity of H3K27me3; and fourth, mutations of H3 residues to tyrosine and tryptophan have a strengthening effect on the binding interaction.
III. Experimental Validation of Theoretical Predictions
A. Experimental Identification of Binders. Our goal is to find peptides in the fly proteome that contain a methylated lysine residue that can be recognized by the polycomb chromodomain (polycomb-binding peptides, or PBPs). The template peptide H3K27me3 is nine amino acids long and has the sequence of LATKAARKS, the second lysine of which is H3K27. We thus searched for peptides of nine-amino-acid length with a lysine on the eighth residue that show similar or better binding than that of H3 (H3K27me3). For this purpose, we implemented a three-stage strategy to narrow down the searching space in a stepwise manner. In addition to removing peptides with a mutation score worse than the H3K27me3 peptide, we implemented filters of sequence conservation, subcellular location, and mass-spectrometry evidence to further reduce false positives (see below for details).
There are a total of 46 histone peptide sequences (nine a.a. long) with a single lysine-trimethylation site which are conserved between the human and fruit fly H2, H3, and H4 proteins (Table S5 ). These were screened for polycomb protein chromodomain binding by peptide microarray. Each peptide sequence was screened as triplets, and the fluorescence intensity was quantified with background subtraction individually for each spot from the microarray images by ImageJ, 42 and the whole data set was fit to a mixed Gaussian distribution model ( Figure 5 , Table 4 ; see Table S6 for the intensity data for individual polycomb−peptide complexes). A sequence was identified as a positive binder when at least two out of the three microarray spots exhibited a fluorescence intensity that made a p-value cutoff of 0.001 from the background Gaussian distribution in the mixed model. Twelve out of the 46 sequences were identified as positive binders under these criteria. Ten of these microarray-identified binders also yielded a high mutation matrix score in an independent prediction (Table 5) .
B. Prediction Performance of Polycomb Mutation Matrix on Fly Histone Peptides. For a thorough and critical assessment of the prediction performance of the mutation matrix, we used microarray to test the binding between polycomb and the 28 histone peptides that it was predicted to bind to, as well as 18 peptides that were not predicted to bind. By doing this, both true positive and true negative can be identified and a comprehensive analysis of prediction performance is feasible.
The microarray result identified 12 peptides as array-positive and 34 as array-negative with a p-value cutoff of 0.001. A peptide with a mutation matrix score equal to or more favorable than the wild-type H3 peptide was predicted to be polycombbinding. Among 12 true binders, 10 were predicted as binders by the mutation matrix score; among 34 true nonbinders, the mutation matrix predicted 16 as nonbinders, resulting in a sensitivity and accuracy of 10/12 = 0.833 and (10 + 16)/46 = 0.565 respectively and an area under the receiver operating curve (ROC) of 0.66. The result is satisfactory considering that we did not construct any complicated feature structure and used one single score to discriminate binders against nonbinders ( Figure 6 ). To further justify the prediction ability of the mutation score, we also calculated its average for both binders and nonbinders. For 12 binders, the average score is −5.48 with a standard deviation of 8.31; for 34 nonbinders, the average score is 0.16 with a standard deviation of 10.72. The pvalue of the t test between the two distributions is 0.037 using the R software package, which demonstrates a strong trend of discrimination between binder and nonbinder by the mutation matrix score.
IV. Proteomics and Gene Ontology Analysis
On the basis of the encouraging agreement between the predictions of our mutation matrix and the experimental data, our simulations can be used as a tool in scanning the proteome for polycomb-binding peptides. Since there is no systematic way to identify methylated lysines in a high-throughput manner, our computational predictions provide a candidate list of putative methylations to serve as a starting point for experimental study.
A. Proteome Scan, Filters, and General Analysis Results. We searched for candidate PBPs in the D. melanogaster proteome. The overall scheme is shown in Figure  7 . We first identified 103 524 candidate peptides, each of which is a sequence of nine amino acids for which the eighth residue is Figure 5 . The microarray data of polycomb protein chromodomain binding to histone H3/H4 peptides were fitted to a mixed Gaussian model with two components using the mixtool package in R 73 with maximum likelihood estimation (black: overall; blue: nonbinding background distribution; red: binding distribution). lysine. Mutation scores were calculated for all the peptides, and 58 131 peptides with favorable binding energy (mutation score no higher than zero) were kept. If a peptide binds to the polycomb chromodomain, it is expected to be conserved through evolution since mutations may disrupt the functional interaction. It is thus reasonable to remove peptides that are not conserved at all the nine amino acids or at the methylated lysine (the eighth) position. By considering the conservation score for the entire peptide and the lysine site, we kept 9919 peptides for further analysis.
Since the polycomb protein is localized in the nucleus and functions as a reader of chromatin modifications, we focus on identifying its interacting partners that are also compartmented to the nucleus. For the proteins without annotation of their subcellular location, we chose to keep them as their predicted interactions with polycomb may shed light on their functional roles. As a result, 5792 peptides from proteins with a subcellular location annotated to be either "nucleus" or "unknown" in Uniprot's general annotation 43, 44 passed this filter. Because recognition by polycomb protein requires the lysine residue to be methylated, the mass-spectrometry evidence of lysine-methylated peptides can provide supporting information for PBP identification. We collected all the publicly available mass spectra and performed a scan of the D. melanogaster proteome to identify lysine methylation. Even though the mass spectrometry experiments were not designed to detect methyllysine, such additional evidence can help to identify the most possible binding peptides of the polycomb chromodomain. We found that 539 among the 5792 peptides showed possible addition of the methyl group to lysine as suggested by the mass spectrometric signals, and as such were the most likely in the set to be PBPs.
To discover unknown functions of the polycomb protein, we conducted GO clustering analysis using DAVID 45 on the 357 proteins containing the 539 filtered peptides (Table S7) . We found that GO terms of "regulation of transcription" and "histone modification" are the most enriched, accounting for five out of six top enriched GO clusters. Moreover, several important proteins were included in the list, such as mediator subunits 23 and 31, which involves recruitment of RNA polymerase II to promoter region that leads to the start of transcription, and sex combs extra (Sce), subunit of PRC1 complex regulating gene repression in the context of methylated H3K9 and H3K27. Also, several histone-related methyltransferase, demethyltransferase, and acetyltransferase can be found in the list, such as Art4, Jhd1, Kdm4B, and Tip60.
B. Chromatin Modification. Polycomb's known function is related to H3K9me3/H3K27me3 mediated gene repression by PRC1. From our analysis, we found that polycomb protein could also involve in gene regulation through chromatin modification with several other proteins, including histone methyltransferase, acetyltransferase, demethyltransferase, and several nucleosome remodeling proteins.
ASH1, CARM1, MOF, and KDM4B are related to gene regulation by either adding histone marks or remove marks. ASH1 and CARM1 are two methyltransferases. ASH1 specifically trimethylates H3K4, an activation mark, and prevents inappropriate polycomb silencing of important genes during development. 46, 47 CARM1 methylates H3R17 and activates transcription through chromatin remodeling. 48 MOF is a probable histone acetyltransferase to H4K16 on male X chromosome to balance the gene expression between male and female. 49 KDM4B is a probable demethyltransferase that demethylates methylated H3K9 and H3K36. All these proteins are related to either adding activation marks, H3K4me3 (ASH1), H3R17me2 (CARM1), and H4K16ac (MOF), removing repression mark, H3K9me3 (KDM4B), or removing activation mark, H3K36me3 (KDM4B). All our finding indicates that polycomb may be involved in a much more complicated gene regulation network related to chromatin modification than what we have known so far.
RING1 and CAF1, two other putative binding targets of polycomb, are components of PRC1 50 and PRC2, 51 respectively. Intriguingly, polycomb itself is also a component of PRC1. We speculated that the binding to RING1 is related to recruit polycomb to form PRC1 complex and the binding to CAF1 is related to recruit PRC1 to PRC2.
CAF1 is also a component of chromatin assembly factor 1 (CAF-1), the nucleosome remodeling and deacetylase complex (NuRD), and the nucleosome remodeling factor (NuRF). 52−56 IPYR, another component of NuRF, 54, 57 is also included in the putative binder list. These interactions inferred that polycomb may have further function in chromatin modification related gene regulation.
C. Transcription Regulation. We were surprised to find that our potential polycomb binders include several transcription regulation proteins. Most of these proteins are involved in the Drosophila development or gene transcription. Putative polycomb binders that are functional in development include hemeotic gene (TSH), 58 factors, further experiments are still needed to explore the unrevealed realm for polycomb and its regulatory functions.
■ DISCUSSION
We investigated the polycomb−histone H3 complex with the use of MD. By specifying the dielectric coefficient in the calculation of the binding free energy, we were able to replicate the relative binding affinities of polycomb to H3K27me3, H3K27me2, H3K27me1, and unmodified H3, including the counterintuitive phenomenon of the chromodomain binding more strongly to H3K27 when monomethylated than dimethylated. We performed residue decomposition to identify the residues in polycomb most critical for binding to H3K27me3, as well as the relative contributions of the H3 residues to the binding interaction. These residues formed the basis of a mutation matrix, in which we analyzed the effect of mutating any single one of these residues to other amino acids.
With an estimate of the effect of mutating a given residue in the polycomb−H3K27me3 complex, we scanned the D. melanogaster proteome to find peptides containing methylated lysine that could potentially be recognized by polycomb chromodomain, apart from histones. Coupled with additional criteria including conservation, subcellular localization and mass spectrometry data, we have identified a set of nonhistone peptides that likely interacts with the polycomb protein mediated by chromodomain-methyllysine recognition. Considering the lack of proteomic approaches to determine methylated lysine, our approach not only provides a promising alternative to suggest candidates for follow-up investigation of the biological significance of methylation in the polycomb partner proteins but also reveals unknown functions of the important transcriptional regulator.
In our previous work, we have developed computational methods to identify unmodified peptides recognized by proteins such as those including the SH3 domain 69, 70 or regulatory subunit of protein kinase A (PKA). 71 The present study represents a significant expansion in searching for methyllysine mediated protein−protein interactions in the proteome. More importantly, our approach can be readily applied to identify any PTMs and suggest their possible interacting partners, which will open a new avenue of illustrating the mechanisms of how a specific PTM regulates cellular functions.
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